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Saccharomyces cerevisiaeThe involvement of Ca2+ in the response to high Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, and Hg2+ was inves-
tigated in Saccharomyces cerevisiae. The yeast cells responded through a sharp increase in cytosolic
Ca2+ when exposed to Cd2+, and to a lesser extent to Cu2+, but not to Mn2+, Co2+, Ni2+, Zn2+, or Hg2+.
The response to high Cd2+ depended mainly on external Ca2+ (transported through the Cch1p/Mid1p
channel) but also on vacuolar Ca2+ (released into the cytosol through the Yvc1p channel). The adap-
tation to high Cd2+ was inﬂuenced by perturbations in Ca2+ homeostasis. Thus, the tolerance to Cd2+
often correlated with sharp Cd2+-induced cytosolic Ca2+ pulses, while the Cd2+ sensitivity was accom-
panied by the incapacity to rapidly restore the low cytosolic Ca2+.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The immediate response to various changes in the chemical or
physical composition of the environment is a pre-requisite for cell
adaptation to the ever changing environment conditions. Calcium
ions are versatile second messengers used by virtually all eukary-
otic cells to transduce the signal towards either adaptation or
apoptotic pathways. The cells of Saccharomyces cerevisiae, one of
the model eukaryotic microorganisms often used to decipher
highly conserved mechanisms, use Ca2+ as a second messenger
when they are exposed to various environmental stimuli such as
hypotonic stress [1], cold stress [2], hyperosmotic and salt stress
[3], b-phenylethylamine-induced intracellular H2O2 generation
[4], high pH [5], ethanol [6], essential oils [7], eugenol [8] or exog-
enous oxidative insults [9]. Abrupt changes in the environment are
signaled by a sudden increase in cytosolic Ca2+ ([Ca2+]cyt) whichcan be a consequence of either external calcium inﬂux via the
Cch1p/Mid1p Ca2+ channel on the plasma membrane [1,3,10],
release of vacuolar Ca2+ into the cytosol through the vacuole-
located Ca2+ channel Yvc1p [9,10], or both. After delivering the
message, the level of [Ca2+]cyt is restored to the normal very low
levels through the action of Ca2+ pumps and exchangers. Thus,
the Ca2+-ATPase Pmc1p [13,14] and a vacuolar Ca2+/H+ exchanger
Vcx1p [15,16] independently transport [Ca2+]cyt into the vacuole,
while Pmr1p, the secretory Ca2+-ATPase, pumps [Ca2+]cyt into
endoplasmic reticulum (ER) and Golgi along with Ca2+ extrusion
from the cell [17,18]. These responses are mediated by the univer-
sal Ca2+ sensor protein calmodulin that can bind and activate calci-
neurin, which inhibits at the post-transcriptional level the function
of Vcx1p [15,19,20] and induces the expression of PMC1 and PMR1
genes via activation of the Crz1p transcription factor [19,20]. The
release of Ca2+ from intracellular stores stimulates the extracellular
Ca2+ inﬂux, a process known as capacitative calcium entry [21].
Inversely, the release of vacuolar Ca2+ via Yvc1p can be further
stimulated by the Ca2+ from outside the cell as well as that released
from the vacuole by Yvc1p itself in a positive feedback called Ca2+-
induced Ca2+ release (CICR) [12,22–24].
Among the numerous environmental stresses, the heavy metals
stand out due to their dualistic impact on the living organisms.
Thus, certain metals are essential for biological processes and their
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dependent enzymes. On the other hand, the surplus (caused for
instance by heavy metal pollution) can be highly toxic, causing
severe perturbations to the normal metabolism [25]. To cope with
both situations, the living organisms have developed intricate
mechanisms of uptake, accumulation, compartmentalization or
extrusion, many of which have been elucidated in yeast [26]. Nev-
ertheless, the cellular response to heavy metals is both specious
and challenging, as the latter are natural components of the envi-
ronment, they bind rapidly and non-speciﬁcally to negatively
charged biomolecules, and they are non-degradable. To understand
the mechanisms involved in cell defense and adaptation to heavy
metal stress, we wondered if the exposure to high concentrations
of metals is transduced inside the cell by means of a second mes-
senger, such as Ca2+. Using S. cerevisiae expressing a transgenic
Ca2+-sensitive photoprotein (aequorin), we found that among the
metals tested, only Cd2+ surplus was rapidly messaged through
[Ca2+]cyt bursts. Cadmium is a non-essential heavy metal and a glo-
bal environmental pollutant present in soil, air, water [27], and
food [28]. Cadmium exposure poses serious questions, represent-
ing a major hazard to human health [29]. The mechanisms of cad-
mium toxicity are not entirely understood, but it is believed that
the major effects are oxidative stress [28,30–32] and disruptance
of calcium signaling pathways [33]. In this study, we provide evi-
dence that exposure to high concentrations of Cd2+ induces a
response which is mediated by an increase in [Ca2+]cyt, and that
defects in the rapid restoring of the Ca2+ homeostatic levels can
be correlated with alterations in cell tolerance to Cd2+.
2. Materials and methods
2.1. Yeast strains, yeast manipulation, plasmids and growth media
The S. cerevisiae strains used in this study were isogenic to the
‘‘wild-type’’ (WT) parental strain BY4741 (MATa; his3D1; leu2D0;
met15D0; ura3D0) [34] having the exact genotype of BY4741,
except for the knock out mutations yfg::kanMX4 of individual
genes, where yfg were: cch1, mid1, pmc1, vcx1, yvc1, smf1, yap1,
skn7, msn2, gpx3, ahp1, gpx1, gpx2 and fet4. The individual knock-
out mutants are referred to in the text as yfgD. All strains were
obtained from EUROSCARF (European S. cerevisiae Archive for
Functional Analysis, Institute of Molecular Biosciences Johann
Wolfgang Goethe-University Frankfurt, Germany), except for the
double knock-out mutant pmc1D vcx1D, previously described [9].
For more information on the strains used, see Supplementary
Material, Table 1S. Cell storage, growth and manipulation were
done as described [35]. Strains were stored and pre-cultured in
standard YPD (1% yeast extract, 2% polypeptone, 2% dextrose) or
synthetic complete (SD) media (0.67% yeast nitrogen base, 2% dex-
trose, supplemented with the necessary amino acids). For solid
media, 2% agar was used. Dextrose and the supplementary chemi-
cals were added from ﬁlter-sterilized (Millipore, pore size 0.22 lm)
stock solutions. Unless otherwise speciﬁed, all chemicals were pur-
chased from Sigma–Aldrich.
2.2. In vivo monitoring of metal stress-induced calcium pulse
Monitoring of [Ca2+]cyt was done using an apo-aequorin cDNA
expression system [36]. Yeast strains were transformed with the
plasmid pYX212-cytAEQ containing the apo-aequorin gene under
the control of TPI promoter, generously provided by Dr. Enzo Mar-
tegani from University of Milano-Bicocca, Milan, Italy [37]. Yeast
transformation was performed by a modiﬁed lithium acetate
method [38] and Ura+ transformants were selected for growth on
SD medium lacking uracil (SD-Ura). For luminescence assays,
mid-log phase growing cells expressing the apo-aequorin genewere treated as described [37]. To reconstitute functional aequorin,
50 lM native coelenterazine (stock solution 1 lg/lL in methanol)
was added to the cell suspension and the cells were incubated
for 2 h at 28 C in the dark. Aliquots containing approximately
107 cells were collected, and excess coelenterazine was washed
three times by centrifugation. The cells were ﬁnally resuspended
in 0.1 M MES-Tris buffer, pH 6.5 containing 1 mM CaCl2 and trans-
ferred to the luminometer tube. A cellular luminescence baseline
was determined by 1 min of recordings at 1/s intervals. Metal ions
were added from sterile stock solutions of the corresponding chlo-
ride salts to give the ﬁnal concentrations indicated, and the light
emission was monitored by a single tube luminometer (Turner Bio-
systems, 20n/20). The light emission was monitored at 1 s intervals
for at least 5 min after the stimulus and reported as relative lumi-
nescence units/s (RLU/s). To ensure that total reconstituted aequo-
rin was not limiting in our assay, at the end of each experiment
aequorin expression and activity were checked by lysing cell with
10% Triton X-100; only the cells with considerable residual lumi-
nescence were considered. Multiple tests, on different days were
performed for each condition (strain, ±stressor, concentration)
and only the statistically signiﬁcant data were considered.
2.3. Assessment of cell growth by spot assay
Overnight pre-cultures were diluted in fresh YPD and grown for
2–4 h. Suspensions of exponentially growing cells from various
strains were diluted to approximate 106 cells/mL before being
spotted onto agar plates containing various chemicals. Alterna-
tively, the cells were serially diluted in a multi-well plate (10-fold
series, starting from 107 cells/mL). Cell suspensions were stamped
on agar plates using a replicator (approx. 4 lL/spot). Plates were
photographed after 2–4 days incubation at 28 C.
2.4. Cd2+ accumulation by living cells
Metal loading of cells was done essentially as described [39].
Brieﬂy, overnight pre-cultures were diluted in fresh YPD to a den-
sity of 106 cells/mL. The cells were incubated with shaking for two
additional hours at 28 C before CdCl2 was added from a sterile
stock. For metal accumulation assay, the cells were harvested by
centrifugation and washed three times with ice-cold solutions con-
taining 10 mM 2-(N-morpholino)ethanesulfonic acid (MES)-Tris
buffer, pH 6.0, containing 0.1 M KCl and 1 mM 2-mercaptoethanol
for a better removal of the cell wall-bound Cd2+. All centrifugation
(1 min, 5000 rpm) was done at 4 C. Cells were ﬁnally suspended in
10 mM MES-Tris buffer, pH 6.0 (1012 cells/mL) and used for metal
assay. Metal analysis was done using an instrument with a single
collector, quadrupole inductively coupled plasma with mass spec-
trometry (ICP-MS, Perkin-Elmer ELAN DRC-e) with axial ﬁeld tech-
nology for trace elements, rare earth elements and isotopic
analyses. The analyses were performed after digestion of cells with
65% ultrapure HNO3 (Merck). Standard solutions were prepared by
diluting a 10 lg/mL multielement solution (Multielement ICP Cal-
ibration Standard 3, matrix 5% HNO3, Perkin Elmer Pure Plus). The
metal cellular content was normalized to the total cellular protein
and expressed as nmoles Cd2+/mg cell protein. Cellular total pro-
tein was assayed [40] using a Shimadzu UV–Vis spectrophotome-
ter (UV mini-1240).
2.5. Reproducibility of the results
All experiments were repeated at least three times and only
those with observed trends that were fully consistent among the
independent experiments were considered. For aequorin lumines-
cence determinations, one representative curve is presented. For
metal accumulation experiments, the values were expressed as
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2 days (n = 6). For visual results (photographs), a representative
example is shown.
2.6. Statistical analysis
Multiple comparisons were performed with Student’s t-test.
The differences were considered to be signiﬁcant when P < 0.05.
Data analysis was performed with Statistical Package for Social
Science 15.0 (SPSS 15.0) for Windows.
3. Results and discussions
3.1. Yeast cells exposed to high Cd2+ respond through a transient
increase in cytosolic Ca2+
For adaptation and survival, the exposure to high concentra-
tions of heavy metals must be rapidly sensed by the cells. To deter-
mine whether the cell response to high Me2+ is mediated by Ca2+ in
S. cerevisiae cells, we made use of the Ca2+-induced luminescence
of a photoprotein, aequorin [36]. For this purpose, yeast cells were
transformed with a plasmid harboring the gene of the luminescent
Ca2+ reporter apo-aequorin under the control of a constitutive pro-
moter, which afforded abundant transgenic protein within the
cytosol [37]. In a ﬁrst set of experiments, transgenic parental
(‘‘wild type’’, WT) cells expressing apo-aequorin were pre-treated
with the cofactor coelenterazine to reconstitute functional aequo-
rin, and then the cells were exposed to Me2+ shocks directly in the
luminometer tube. The Me2+ tested were: Mn2+, Ni2+, Co2+, Zn2+,
Hg2+, Cu2+ and Cd2+. Using various Me2+ concentrations as external0
10000
20000
30000
40000
0 100 200 300
0
10000
20000
30000
40000
0 100 200 300 400 500
A
Cd2+
Cu2+
Time (sec)
Time (sec)
R
LU
/se
c
R
LU
/se
c
20
0 
R
LU
/se
c
C
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determinations is shown.stressor, it was noticed that the cells responded to Cd2+ ions
through immediate and transient luminescence peaks, which indi-
cated sudden elevations in the [Ca2+]cyt (Fig. 1A). Ca2+ pulses could
not be detected when cells were exposed to Mn2+, Ni2+, or Co2+, and
not even to Zn2+or Hg2+ which share the same group in the periodic
table with Cd2+ (Fig. 1B). The data presented in Fig. 1B correspond
to Me2+ ﬁnal concentration of 2 mM, but the cells failed to respond
to a broader range of concentrations, i.e., from 0.1 to 10 mM (data
not shown). Cu2+ were the only other ions to elicit a recordable
[Ca2+]cyt response (Fig. 1C). As the Cu2+-induced luminescence
curve was weaker and broader than in the case of Cd2+ (under
the same conditions and cation concentrations) we focused our
subsequent studies solely on Cd2+.
3.2. Ca2+-mediated response to environmental Cd2+ depends
on external Ca2+ stores
Fig. 2A shows representative traces of Ca2+-dependent lumines-
cence in exponentially growing WT cells expressing transgenic
aequorin in response to increasing concentrations of Cd2+. The
luminescent signal was barely detectable at Cd2+ concentrations
lower than 20 lM; a rapid transient increase in [Ca2+]cyt was noted
from 50 lM onward. The luminescence peak increased with Cd2+
concentration and a luminescence maximum was recorded in the
ﬁrst 20 s after Cd2+ addition (Fig. 2A). Under stress conditions,
the increase in [Ca2+]cyt is mainly the result of the plasma-mem-
brane Ca2+ channel Cch1p/Mid1p activity [1,3,10] and/or of the
vacuole-located Ca2+ channel Yvc1p [11,12]. To determine whether
the Cd2+-mediated release of [Ca2+]cyt occurs through these trans-
porters, we measured the Cd2+-induced luminescence of knock-B
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apo-aequorin gene. It was noticed that the cells lacking either of
the two subunits of the Cch1p/Mid1p channel showed a very low
increase in [Ca2+]cyt, indicating that cells use primarily the external
Ca2+ sources in response environmental Cd2+ surplus (Fig. 2C and
D). In contrast, the yvc1D cells, lacking the vacuole-located Ca2+
channel Yvc1p, clearly responded to Cd2+ with a [Ca2+]cyt pulse
(Fig. 2B). Nevertheless, it was noted that the luminescence traces
recorded for the yvc1D cells were broader and peaked lower, sug-
gesting that Yvc1p may also contribute to the [Ca2+]cyt pool under
Cd2+ stress. As the release of vacuolar Ca2+ via Yvc1p can be stim-
ulated by the Ca2+ from outside the cell or from the vacuole by
Yvc1p itself in a positive feedback [12,22–24], it is possible that
Yvc1p starts to release Ca2+ only when the Cd2+-induced [Ca2+]cyt
reaches a critical threshold.
3.3. Cd2+-induced [Ca2+]cyt pulse occurs faster than the Cd
2+ uptake
One of the reasons for the multiple facets of Cd2+ toxicity
resides in its physicochemical similarities with Ca2+ [33]. Under
such circumstances, the main concern was the possibility ofnon-speciﬁc binding of intracellularly accumulated Cd2+ to cyto-
solic aequorin. To rule out the possibility of cell luminescence
induced by cytosolic Cd2+, we determined the Cd2+ uptake by WT
cells exposed to various concentrations of the cation. It was noted
that the Cd2+ uptake increased with Cd2+ concentrations in the
environment, but only when cells were exposed to Cd2+ for a rea-
sonable amount of time (from 10 min upwards, Fig. 3A). When
cells were exposed to Cd2+ for shorter times (0.5–5 min), the differ-
ence between concentrations was less evident (Fig. 3B), and they
were certainly not big enough to account for the differences
between the luminescence intensity peaks given by cells exposed
to increasing Cd2+ concentrations. It was noted that the lumines-
cence peaks occurred less than 1 min after Cd2+ exposures
(Fig. 2A), a too short time to allow Cd2+ accumulation inside the cell
(Fig. 3B). These data suggested that the luminescence signal was
induced by cytosolic Ca2+ binding to aequorin (and not by Cd2+),
and that the different amounts of Ca2+ released into cytosol were
probably the result of the initial interaction between external
Cd2+ and the cell wall and/or plasma membrane components.
It was previously shown that the channel Cch1p/Mid1p contrib-
utes to Cd2+ entry into the cell when cells are grown under low
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response of cch1D or mid1D cells expressing transgenic aequorin
was the result of lower Cd2+ uptake by these cells. It was noticed
that under the high Cd2+ conditions (Cd2+ shock) used in this study
(50–500 lM, 1–5 min exposure), there was no signiﬁcant differ-
ence in Cd2+ uptake between WT and cch1D or mid1D cells (Sup-
plementary Material, Fig. 1S). These observations suggested that
while Cch1p/Mid1p channel may contribute to Cd2+ entry under
very low and completely non-toxic conditions [41], shock concentra-
tions of Cd2+ trigger rapid Cd2+ accumulation in bothWT and cch1D
or mid1D cells cells (Supplementary Material, Fig. 1S) indicating
that cell components other than Cch1p/Mid1p channel are respon-
sible for the rapid uptake under high concentration conditions.
Taken together, these observations suggested that the Cd2+-
induced luminescence of cells expressing aequorin was mainly
the result of the Ca2+ (and not Cd2+) binding to the transgenic
photoprotein. In this line of evidence, we found that smf1D cells,
lacking the plasma membrane high-afﬁnity Mn2+ transporter
Smf1p, were tolerant to high Cd2+ (Fig. 4A, bottom) apparently
due to a lower capacity to transport and accumulate the toxic cat-
ions (Fig. 3C). Nevertheless, the smf1D cells expressing the trans-
genic aequorin showed similar tendency to respond to Cd2+
(Fig. 3D) as the WT cells (Fig. 2A), suggesting that the luminescent
response is not inﬂuenced by the amount of Cd2+ taken up, but it is
determined by the [Ca2+]cyt pulse.3.4. Mutants with defects in Ca2+ homeostasis exhibit various Cd2+
tolerance phenotypes
As Cd2+ stress is signaled within the WT cells via modiﬁcations
in the [Ca2+]cyt, the next step was to check the tolerance to high
Cd2+ of various mutants defective in Ca2+ transport and homeosta-
sis (Fig. 4A). It was noticed that both cch1D and mid1D cells were
less tolerant than the WT cells, suggesting that the Ca2+ channel
Cch1p/Mid1p is required for Ca2+-dependent adaptation to high
Cd2+. The cells lacking the Yvc1p (which releases Ca2+ into the cyto-
sol from the vacuole) were slightly more tolerant than the WT
cells, supporting the previously described involvement of Yvc1p
in inducing cell death when things ‘‘get too serious’’ [9] by releas-
ing from the vacuole extra waves of Ca2+, which activate Yvc1p
itself for releasing even more Ca2+ [11,12].
The cells defective in the two vacuolar transporters, Pmc1p and
Vcx1p, which restore the normal level of [Ca2+]cyt, showed different
tolerance to Cd2+. Thus, the pmc1D cells, lacking the high afﬁnity
vacuolar Ca2+-ATPase Pmc1p, showed Cd2+ tolerance similar to
WT cells; in contrast, the vcx1D cells, lacking the vacuolar high
capacity H+/Ca2+ exchanger Vcx1p, responsible for restoring cyto-
solic Ca2+ levels in response to Ca2+ bursts showed a surprisingly
high tolerance to Cd2+ (Fig. 4A). Except for vcx1D and the double
mutant pmc1D vcx1D cells, the tolerance to Cd2+ was slightly
improved by moderate Ca2+ surplus in the incubation media
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3208 L.L. Ruta et al. / FEBS Letters 588 (2014) 3202–3212(10 mM, Fig. 4A), probably due to a competitive inhibition of Cd2+
transport across plasma membrane, as seen by the reduction in
Cd2+ accumulation byWT cells in the presence of Ca2+ (Supplemen-
tary material, Fig. 2S). Nevertheless, as Ca2+ did not improve the
Cd2+ tolerance of the pmc1D vcx1D cells, known for their incapacity
to restore the low levels of [Ca2+]cyt following calcium bursts [16],
it is probable that the adaptation to high Cd2+ correlates to the cell
ability to ﬁnely tune the Ca2+-related response to high Cd2+. In this
line of evidence, it was found that the Cd2+ tolerance of the
mutants defective in Ca2+ transport did not correlate necessarily
with the level of Cd2+ accumulation, and that sometimes Cd2+ sen-
sitive mutants (such as cch1D or mid1D) accumulated slightly less
Cd2+ than the WT cells (Fig. 4C). Inversely, Cd2+ tolerant mutants,such as vcx1D cells accumulated Cd2+ similarly to WT cell
(Fig. 4B and C). Cd2+ accumulation was determined after incubation
with Cd2+ for 5 min (time limit for concentration non-dependence)
and 30 min (approximate time before reaching the saturation
level). Surprisingly, high concentrations (200 mM) of exogenous
Ca2+ completely suppressed the Cd2+ tolerance of vcx1D cells
(Fig. 4D).
3.5. [Ca2+]cyt modulates the tolerance to Cd
2+
The behavior of the vcx1D cells to Cd2+ was intriguing, suggest-
ing a correlation between Cd2+ tolerance and the initial Ca2+-med-
iated response to Cd2+. To check out this possibility, the vcx1D cells
L.L. Ruta et al. / FEBS Letters 588 (2014) 3202–3212 3209expressing transgenic aequorin were exposed to increasing Cd2+
surpluses (Fig. 5A–D). It was noted that in vcx1D cells, the ampli-
tude of the maximum luminescence signal increased with Cd2+
concentrations, but unlike WT cells, the Ca2+-dependentCd2+ (μM) 0 
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3210 L.L. Ruta et al. / FEBS Letters 588 (2014) 3202–3212inversely regulated [15], therefore it is possible that in the absence
of Vcx1p, the amount of the high-afﬁnity Ca2+-ATPase Pmr1p is
enhanced, thus contributing to a more rapid restoration of [Ca2+]-
cyt levels. Additionally, as Pmc1p is believed to function along with
Ycf1p in delivering cytosolic Cd2+ to the vacuole [42], it is probable
that the enhancement in Pmc1p also contributes to the augmented
tolerance of vcx1D mutant by transporting part of the cytosolic
Cd2+ to vacuole. The pattern of the Ca2+ waves induced by high
Cd2+ into the cytosol of vcx1D cells suggested that very short
Ca2+ pulses would mediate the Cd2+ adaptation processes, whereas
broader Ca2+ peaks and lingering [Ca2+]cyt would favor more drastic
processes which would ultimately lead to cell death. In this line of
evidence, the double mutant pmc1D vcx1D, lacking both proteins
which transport Ca2+ to the vacuole, showed both Cd2+ sensitivity
(Fig. 4B) and broad luminescence curve when exposed to Cd2+
(Fig. 5E). It was also seen that combining high Ca2+ (200 mM) with
Cd2+ exposure resulted in broad luminescence signals given by the
vcx1D cells expressing transgenic aequorin (Fig. 5F), accounting for
the reduced tolerance of vcx1D cells to Cd2+ in the presence of high
Ca2+ (Fig. 4D).
3.6. The Cd2+ tolerance/sensitivity of mutants with defects in the
response to oxidative stress also correlates with [Ca2+]cyt pulse
Among the many deleterious effects of Cd2+, the oxidative stress
is of major concern, and many important players involved in the
oxidative stress response are also affected by Cd2+ surplus [43].
Among them, the transcription factor Yap1p is a notorious yeast
protein involved in adaptation to both oxidative stress and Cd2+
[44,45]. As the control of Ca2+ homeostasis is linked to antioxidant
protection [9,46,47] we wondered if mutants with both defects in
oxidative stress response and altered Cd2+ tolerance would also0
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experiments (n = 6).exhibit variations in the Ca2+-mediated responses to surplus Cd2+.
To test this possibility, we investigated cells with knock-out muta-
tions in YAP1, SKN7, MSN2, GPX3, AHP1, GPX1, and GPX2 genes, all
known to be involved in the oxidative stress response. The Cd2+ tol-
erance of such mutants was ﬁrst checked and it was noted that
yap1D and gpx3D cells showed increased sensitivity to Cd2+; the
sensitivity of yap1D cells was clearly was not alleviated by surplus
Ca2+ (Fig. 6A). Gpx3p (alias Hyr1p/Orp1p) is a glutathione peroxi-
dase which protects phospholipids against Cd2+-induced oxidative
stress [48], acting as a hydroperoxide receptor and transducing the
redox signal to Yap1p [49,50]. Since gpx3D cells are also sensitive
to Cd2+, it is possible that Gpx3p also transduces the Cd2+ stress sig-
nal to Yap1p. In contrast to the yap1D, the skn7D and msn2D cells,
lacking two other transcription factors involved in regulating the
oxidative stress response, showed increased tolerance to high
Cd2+ (Fig. 6A).
At the same time, the ahp1D cells, lacking an alkyl hydroperox-
ide reductase, were more tolerant than the WT, as reported [43]. In
addition, it was noted that gpx1D and gpx2D were also Cd2+ toler-
ant (Fig. 6A). This was somehow unexpected, as Ahp1p, Gpx1p and
Gpx2p protect the yeast cells against phospholipid peroxidation
[49,50].
To ﬁnd an explanation for the altered Cd2+ tolerance of the
mutants described above, the Ca2+-dependent luminescence in
cells expressing transgenic aequorin in response to increasing con-
centrations of Cd2+ was recorded. It was noted for instance that at
lower Cd2+ (50 lM), the yap1D cells expressing aequorin gave a
sudden response within the ﬁrst seconds from Cd2+ exposure, but
the [Ca2+]cyt continued to increase for more than 300 s before start-
ing to decline (Fig. 6B). At higher Cd2+ concentrations, after the ini-
tial burst (with intensity depending on concentrations), the yap1D
cells seemed to lose their ability to restore the low [Ca2+]cyt0
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rin showed no signiﬁcantly different pattern for the Cd2+-induced,
Ca2+-mediated luminescence when compared to WT (data not
shown), suggesting that the reason for the increased tolerance to
Cd2+ of these two mutants lied elsewhere. In contrast, the Cd2+-tol-
erant ahp1D cells responded to Cd2+ with a strong increase in
[Ca2+]cyt which was restored to the low levels up to 1 min after
Cd2+ exposure (Fig. 6D). Comparing to WT though, the ahp1D cells
were more responsive to low concentration of Cd2+, as the intensity
of the luminescence peak was very high at 50 lM Cd2+ exposure,
and it did not increase signiﬁcantly with concentration (Fig. 6D);
the same behavior was noted also for the gpx1D and gpx2D cells
(Fig. 6E). These data suggested that the three Cd2+ tolerant mutants
were more responsive to Cd2+ than the WT cells, and this respon-
siveness reached very quickly a saturation level. These observa-
tions prompted the possibility that in the absence of any of the
three antioxidants (Ahp1p, Gpx1p, or Gpx2p) which protect against
phospholipid peroxidation, the cell membrane undergoes oxida-
tive modiﬁcations which render the membrane more excitable at
lower Cd2+ concentrations.
3.7. Yap1p-regulated Fet4p is also involved in Cd2+ transport across the
plasma membrane
Recently it was reported that Yap1p, a central player in the
response to oxidative and Cd2+ stresses [44,45] is a repressor of
FET4 expression [51]. Fet4p is a low afﬁnity plasma membrane per-
mease for Fe2+ [52], also involved in the accumulation of Cu2+ and
Co2+ [51,53], therefore the Yap1p-dependent regulation of Cd2+
stress response may target FET4 expression. To check this possibil-
ity, we tested the Cd2+ tolerance of the fet4D knock-out cells and
found that they were more resistant than the WT cells, albeit not
as tolerant as the smf1D cells (Fig. 7A). Under high concentration
conditions, the Cd2+ accumulation was reduced in the fet4D cells
indicating that Fet4p can also transport Cd2+ (Fig. 7B). As in the
case of smf1D cells, the pattern of Ca2+-mediated response to high
Cd2+ did not vary signiﬁcantly compared to WT (data not shown)
indicating that the higher Cd2+ tolerance of fet4D cells relates to
low Cd2+ accumulation and not to Ca2+ -mediated response.
4. Conclusions
The sudden increase in the concentration of heavy metals
within the cell environment needs to be immediately signaled so
that the cells can take the necessary steps for survival or, under
overwhelming stress conditions, death. The data obtained in this
study indicate that the presence of high Cd2+ in the environment
is signaled through immediate and sudden waves of [Ca2+]cyt.
Reports regarding the involvement of Ca2+ transporters in Cd2+
yeast tolerance are numerous [41,46,53] but they describe in detail
how these transporters are involved in Cd2+ transport and detoxi-
ﬁcation. In the present study, a correlation between the immediate
Ca2+-mediated response and the yeast tolerance to high Cd2+ is
proposed, with a lesser focus on Cd2+ intracellular transport and
compartmentalization. From this angle, it was found that yeast tol-
erance to high Cd2+ can be achieved in two ways: either by low
Cd2+ uptake across the plasma membrane (such as in smf1D or
fet4D mutants) or/and by signaling the danger through sudden
increases in cytosolic Ca2+. Apparently, sudden and sharp waves
of Ca2+ allow the adaptation to high Cd2+, while the absence of
[Ca2+]cyt signaling or broad waves and lingering [Ca2+]cyt are
responsible for Cd2+ hypersensitivity. The mechanism by which
Ca2+ signaling correlates to Cd2+ tolerance is still elusive and
remains to be investigated. Whether the sharp Ca2+ signals initiate
defense mechanisms which lead to an increased Cd2+ tolerance, orwhether some mutants are simply ‘‘healthier’’ and give better
response to any environment stimuli, including Cd2+, are still open
questions. Rather, cells prepared to face a high and rapid Ca2+ cyto-
solic wave are more ﬁt for survival. In this line of evidence, cells
with either more sensitive cell membrane or with faster machinery
for restoring low [Ca2+]cyt seem to adapt easier. The results pre-
sented in this study provide new insights into the mechanisms
involved in the defense against Cd2+, interaction among metal ions
and signaling systems, and in the roles of the antioxidant systems
in Cd2+ tolerance.
Acknowledgments
The authors acknowledge the contribution of Prof. Enzo Marte-
gani and Dr. Renata Tisi (from University of Milano-Bicocca, Milan,
Italy) to the manuscript by generously providing the plasmid
pYX212-cytAEQ. The authors also thank Dr. Cristian D. Ene for help-
ful discussions concerning cadmium chemistry. The research lead-
ing to these results has received funding from the Romanian – EEA
Research Programme operated by the Ministry of Education from
Romania under the EEA Financial Mechanism 2009-2014 and Pro-
ject EEA-JRP-RO-NO-2013-1-0047.’’ This work was also partially
supported by the Executive Unit for Higher Education, Develop-
ment, Research and Innovation Funding – UEFISCDI, Romania,
through the grant-in-aid 50/2012 ASPABIR.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2014.
07.001.
References
[1] Batiza, A.F., Schulz, T. and Masson, P.H. (1996) Yeast respond to hypotonic
shock with a calcium pulse. J. Biol. Chem. 271, 23457–23462.
[2] Kanzaki, M., Nagasawa, M., Kojima, I., Sato, C., Naruse, K., Sokabe, M. and Iida,
H. (1999) Molecular identiﬁcation of a eukaryotic, stretch-activated
nonselective cation channel. Science 285, 882–886.
[3] Matsumoto, T.K., Ellsmore, A.J., Cessna, S.G., Low, P.S., Pardo, J.M., Bressan, R.A.
and Hasegawa, P.M. (2002) An osmotically induced cytosolic Ca2+ transient
activates calcineurin signaling to mediate ion homeostasis and salt tolerance
of Saccharomyces cerevisiae. J. Biol. Chem. 277, 33075–33080.
[4] Pinontoan, R., Krystofova, S., Kawano, T., Mori, I.C., Tsuji, F.I., Iida, H. and Muto,
S. (2002) Phenylethylamine induces an increase in cytosolic Ca2+ in yeast.
Biosci. Biotechnol. Biochem. 66, 1069–1074.
[5] Viladevall, L., Serrano, R., Ruiz, A., Domenech, G., Giraldo, J., Barcelo, A. and
Arino, J. (2004) Characterization of the calcium-mediated response to alkaline
stress in Saccharomyces cerevisiae. J. Biol. Chem. 279, 43614–43624.
[6] Courchesne, W.E., Vlasek, C., Klukovich, R. and Coffee, S. (2011) Ethanol
induces calcium inﬂux via the Cch1-Mid1 transporter in Saccharomyces
cerevisiae. Arch. Microbiol. 193, 323–334.
[7] Rao, A., Zhang, Y.Q., Muend, S. and Rao, R. (2010) Mechanism of antifungal
activity of terpenoid phenols resembles calcium stress and inhibition of the
TOR pathway. Antimicrob. Agents Chemother. 54, 5062–5069.
[8] Roberts, S.K., McAinsh, M. and Widdicks, L. (2012) Cch1p mediates Ca2+ inﬂux
to protect Saccharomyces cerevisiae against eugenol toxicity. PLoS One 7,
e43989.
[9] Popa, C.V., Dumitru, I., Ruta, L.L., Danet, A.F. and Farcasanu, I.C. (2010)
Exogenous oxidative stress induces Ca2+ release in the yeast Saccharomyces
cerevisiae. FEBS J. 277, 4027–4038.
[10] Catterall, W.A. (2000) Structure and regulation of voltage-gated Ca2+ channels.
Annu. Rev. Cell Dev. Biol. 16, 521–555.
[11] Denis, V. and Cyert, M.S. (2002) Internal Ca(2+) release in yeast is triggered by
hypertonic shock and mediated by a TRP channel homologue. J. Cell Biol. 156,
29–34.
[12] Palmer, C.P., Zhou, X., Lin, J., Loukin, S.H., Kung, C. and Saimi, Y. (2001) A TRP
homolog in Saccharomyces cerevisiae forms an intracellular Ca2+-permeable
channel in the yeast vacuolar membrane. Proc. Natl. Acad. Sci. USA 98, 7801–
7805.
[13] Cunningham, K.W. and Fink, G.R. (1994) Calcineurin-dependent growth
control in Saccharomyces cerevisiae mutants lacking PMC1, a homolog of
plasma membrane Ca2+ ATPases. J. Cell Biol. 124, 351–363.
[14] Cunningham, K.W. and Fink, G.R. (1994) Ca2+ transport in Saccharomyces
cerevisiae. J. Exp. Biol. 196, 157–166.
3212 L.L. Ruta et al. / FEBS Letters 588 (2014) 3202–3212[15] Cunningham, K.W. and Fink, G.R. (1996) Calcineurin inhibits VCX1-dependent
H+/Ca2+ exchange and induces Ca2+ ATPases in Saccharomyces cerevisiae. Mol.
Cell. Biol. 16, 2226–2237.
[16] Miseta, A., Kellermayer, R., Aiello, D.P., Fu, L. and Bedwell, D.M. (1999) The
vacuolar Ca2+/H+ exchanger Vcx1p/Hum1p tightly controls cytosolic Ca2+
levels in S. cerevisiae. FEBS Lett. 451, 132–136.
[17] Sorin, A., Rosas, G. and Rao, R. (1997) PMR1, a Ca2+-ATPase in yeast Golgi, has
properties distinct from sarco/endoplasmic reticulum and plasma membrane
calcium pumps. J. Biol. Chem. 272, 9895–9901.
[18] Strayle, J., Pozzan, T. and Rudolph, H.K. (1999) Steady-state free Ca2+ in the
yeast endoplasmic reticulum reaches only 10 mM and is mainly controlled by
the secretory pathway pump Pmr1. EMBO J. 18, 4733–4743.
[19] Stathopoulos, A.M. and Cyert, M.S. (1997) Calcineurin acts through the CRZ1/
TCN1-encoded transcription factor to regulate gene expression in yeast. Genes
Dev. 11, 3432–3444.
[20] Matheos, D.P., Kingsbury, T.J., Ahsan, U.S. and Cunningham, K.W. (1997)
Tcn1p/Crz1p, a calcineurin-dependent transcription factor that differentially
regulates gene expression in Saccharomyces cerevisiae. Genes Dev. 11, 3445–
3458.
[21] Locke, E.G., Bonilla, M., Liang, L., Takita, Y. and Cunningham, K.W. (2000) A
homolog of voltage-gated Ca2+ channels stimulated by depletion of secretory
Ca2+ in yeast. Mol. Cell. Biol. 20, 6686–6694.
[22] Zhou, X.L., Batiza, A.F., Loukin, S.H., Palmer, C.P., Kung, C. and Saimi, Y. (2003)
The transient receptor potential channel on the yeast vacuole is
mechanosensitive. Proc. Natl. Acad. Sci. USA 100, 7105–7110.
[23] Su, Z., Zhou, X., Loukin, S.H., Saimi, Y. and Kung, C. (2009) Mechanical force and
cytoplasmic Ca(2+) activate yeast TRPY1 in parallel. J. Membr. Biol. 227, 141–
150.
[24] Su, Z., Zhou, X., Loukin, S.H., Haynes, W.J., Saimi, Y. and Kung, C. (2009) The use
of yeast to understand TRP-channel mechanosensitivity. Pﬂugers Arch. 458,
861–867.
[25] Fraústro da Silva, J.J.R. and Williams, R.J.P. (2001) The Biological Chemistry of
the Elements, second ed, Oxford University Press, New York.
[26] Argüello, J.M., Raimunda, D. and González-Guerrero, M. (2012) Metal
transport across biomembranes: emerging models for a distinct chemistry. J.
Biol. Chem. 287, 13510–13517.
[27] Gadd, G.M. (2010) Metals, minerals and microbes: geomicrobiology and
bioremediation. Microbiology 156 (Pt 3), 609–643.
[28] Nair, A.R., Degheselle, O., Smeets, K., Van Kerkhove, E. and Cuypers, A. (2013)
Cadmium-induced pathologies: where is the oxidative balance lost (or not)?
Int. J. Mol. Sci. 14, 6116–6143.
[29] Nawrot, T.S., Staessen, J.A., Roels, H.A., Munters, E., Cuypers, A., Richart, T.,
Ruttens, A., Smeets, K., Clijsters, H. and Vangronsveld, J. (2010) Cadmium
exposure in the population: from health risks to strategies of prevention.
Biometals 23, 769–782.
[30] Valko, M., Morris, H. and Cronin, M.T. (2005) Metals, toxicity and oxidative
stress. Curr. Med. Chem. 12, 1161–1208.
[31] Liu, J., Qu, W. and Kadiiska, M.B. (2009) Role of oxidative stress in cadmium
toxicity and carcinogenesis. Toxicol. Appl. Pharm. 238, 209–214.
[32] Cuypers, A., Plusquin, M., Remans, T., Jozefczak, M., Keunen, E., Gielen, H.,
Opdenakker, K., Nair, A.R., Munters, E., Artois, T.J., Nawrot, T., Vangronsveld, J.
and Smeets, K. (2010) Cadmium stress: an oxidative challenge. Biometals 23,
927–940.
[33] Choong, G., Liu, Y. and Templeton, D.M. (2014) Interplay of calcium and
cadmium in mediating cadmium toxicity. Chem. Biol. Interact. 211C, 54–65.
[34] Brachmann, C.B., Davies, A., Cost, G.J., Caputo, E., Li, J., Hieter, P. and Boeke, J.D.
(1998) Designer deletion strains derived from Saccharomyces cerevisiae S288C:
a useful set of strains and plasmids for PCR-mediated gene disruption and
other applications. Yeast 14, 115–132.
[35] Sherman, F., Fink, G.R. and Hicks, J.B. (1986) Methods in Yeast Genetics, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York.[36] Nakajima-Shimada, J., Iida, H., Tsuji, F.I. and Anraku, Y. (1991) Monitoring of
intracellular calcium in Saccharomyces cerevisiae with an apoaequorine cDNA
expression system. Proc. Natl. Acad. Sci. USA 88, 6878–6882.
[37] Tisi, R., Baldassa, S., Belotti, F. and Martegani, E. (2002) Phospholipase C is
required for glucose-induced calcium inﬂux in budding yeast. FEBS Lett. 520,
133–138.
[38] Schiestl, R. and Gietz, R.D. (1989) High efﬁciency transformation of intact
yeast cells using single stranded nucleic acid as carrier. Curr. Genet. 16, 339–
346.
[39] Farcasanu, I.C., Hirata, D., Tsuchiya, E., Nishiyama, F. and Miyakawa, T. (1995)
Protein phosphatase 2B of Saccharomyces cerevisiae is required for the
tolerance to manganese, in blocking the entry of ions into the cells. Eur. J.
Biochem. 232, 712–717.
[40] Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254.
[41] Gardarin, A., Chédin, S., Lagniel, G., Aude, J.C., Godat, E., Catty, P. and Labarre, J.
(2010) Endoplasmic reticulum is a major target of cadmium toxicity in yeast.
Mol. Microbiol. 76, 1034–1048.
[42] Mielniczki-Pereira, A.A., Hahn, A.B., Bonatto, D., Riger, C.J., Eleutherio, E.C. and
Henriques, J.A. (2011) New insights into the Ca2+-ATPases that contribute to
cadmium tolerance in yeast. Toxicol. Lett. 207, 104–111.
[43] Wei, W., Smith, N., Wu, X., Kim, H., Seravalli, J., Khalimonchuk, O. and Lee, J.
(2014) YCF1-mediated cadmium resistance in yeast is dependent on copper
metabolism and antioxidant enzymes. Antioxid. Redox Signal.
[44] Wu, A., Wemmie, J.A., Edgington, N.P., Goebl, M., Guevara, J.L. and Moye-
Rowley, W.S. (1993) Yeast bZip proteins mediate pleiotropic drug and metal
resistance. J. Biol. Chem. 268, 18850–18858.
[45] Vido, K., Spector, D., Lagniel, G., Lopez, S., Toledano, M.B. and Labarre, J. (2001)
A proteome analysis of the cadmium response in Saccharomyces cerevisiae. J.
Biol. Chem. 276, 8469–8474.
[46] Tsuzi, D., Maeta, K., Takatsume, Y., Izawa, S. and Inoue, Y. (2004) Distinct
regulatory mechanism of yeast GPX2 encoding phospholipid hydroperoxide
glutathione peroxidase by oxidative stress and a calcineurin/Crz1-mediated
Ca2+ signaling pathway. FEBS Lett. 569, 301–306.
[47] Lauer Júnior, C.M., Bonatto, D., Mielniczki-Pereira, A.A., Schuch, A.Z., Dias, J.F.,
Yoneama, M.L. and Pêgas Henriques, J.A. (2008) The Pmr1 protein, the major
yeast Ca2+-ATPase in the Golgi, regulates intracellular levels of the cadmium
ion. FEMS Microbiol. Lett. 285, 79–88.
[48] Muthukumar, K., Rajakumar, S., Sarkar, M.N. and Nachiappan, V. (2011)
Glutathione peroxidase3 of Saccharomyces cerevisiae protects phospholipids
during cadmium-induced oxidative stress. Antonie Van Leeuwenhoek 99,
761–771.
[49] Avery, A.M., Willetts, S.A. and Avery, S.V. (2004) Genetic dissection of the
phospholipid hydroperoxidase activity of yeast gpx3 reveals its functional
importance. J. Biol. Chem. 279. 46652-44658.
[50] Delaunay, A., Pﬂieger, D., Barrault, M.B., Vinh, J. and Toledano, M.B. (2002) A
thiol peroxidase is an H2O2 receptor and redox-transducer in gene activation.
Cell 111, 471–481.
[51] Pimentel, C., Caetano, S.M., Menezes, R., Figueira, I., Santos, C.N., Ferreira, R.B.,
Santos, M.A. and Rodrigues-Pousada, C. (2014) Yap1 mediates tolerance to
cobalt toxicity in the yeast Saccharomyces cerevisiae. Biochim. Biophys. Acta
1840, 1977–1986.
[52] Dix, D.R., Bridgham, J.T., Broderius, M.A., Byersdorfer, C.A. and Eide, D.J. (1994)
The FET4 gene encodes the low afﬁnity Fe(II) transport protein of
Saccharomyces cerevisiae. J. Biol. Chem. 269, 26092–26099.
[53] Hassett, R., Dix, D.R., Eide, D.J. and Kosman, D.J. (2000) The Fe(II) permease
Fet4p functions as a low afﬁnity copper transporter and supports normal
copper trafﬁcking in Saccharomyces cerevisiae. Biochem. J. 351 (Pt2), 477–484.
